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OF ELECTROMETRIC AMPLIFIERS
A. V. Parshin, N. N. Romanova and L. B. Ustinova

ABSTRACT

\ ’}}w

Two methods of compensation are described for the
transient characteristics of electrometric amplifiers -
negative feedback with a compensating filter and positive
feedback. Both methods make it possible to obtain approx-
imately the same rise time for the signal at the output.
The reasons which limit the decrease in the rise time and

the possibilities of their elimination are discussed.
4’,”' /

Electrometric amplifiers are usually applied to measure small currents

Introduction

which vary slowly with time. The typical values for the input impedance of

electrometric amplifiers with negative feedback and a large amplification fac-

11

tor in the feedback loop are K— R = 10 to lO12 ohm, shunted by a capacity

*Numbers given in the margin indicate the pagination in the original foreign

text.
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¢ = 0.2-0.1 pf. 1In this case the time constant of the input circuit
T=R[C -- C, /(l - K)] =~ RC cannot be made less than 10 to 200 sec, which corre-
sponds to a pass band of 0 to 1-20 cps for the input circuit. Recently, in
connection with a series of new problems in the field of mass-spectrometry,
biology and other fields, it has become necessary to measure more rapid proces-
ses by means of electrometric amplifiers. It becomes necessary to lower T to
a few milli-seconds, i.e., to increase the band width to several hundred cycles.
It is not desirable to decrease the time constant by decreasing R because,
in this case, the sensitivity of the amplifier is lowered. The capacity of
the input circuit of electrometric amplifiers with negative feedback (even when
the gain K is very high) cannot be lowered below the natural distributed capac-
ity of the resistance R. The winimum values of this capacity are 0.1 to 0.2
pf4 therefore, if a further decrease in the time constant of the input circuit
of electrometric amplifiers is desired, it is necessary to compensate for the
transient (frequency) characteristics either by using a compensating filter in
the negative feedback loop (refs. 1, 2) or by introducing additional positive

feedback (refs. 3-6).

1. Compensation in the Negative Feedback Circuit,

A schematic diagram of an electrometric amplifier with a compensating fil-
ter in the negative feedback loop (figure 1) has been described as early as
1952 (ref. 1). Compensation is achieved by an increase in amplification as the
total input impedance is decreased. As we can see from figure 1, in the region
of low frequencies, where 1/w Cip>>R and 1/ w CK>> Ryes the negative feedback is
almost 100 percent when the gain in the feedback loop is K=> 1 and the gain with

the feedback is K' = —K/(1 + K)™—1. At high frequencies when 1/ C,<'R and
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Figure 1. The principal scheme for the compensation
of an electrometric amplifier by means of a filter
in the negative feedback loop.

l/wCKrigRKJthe percentage of negative feedback decreases and the gain K' in-
creases in absolute value compensating the decrease in the input impedance.
The basic characteristic of an electrometric amplifier is not the voltage
gain but is the sensitivity to current which is equal to the ratio of the out-
put voltage U to the input current I. For the network in figure 1 the sensi-
tivity to current in thé frequency function is equal to:
po) = U/ =

B KR (1 -+ jot,)
T+ Ko (T g + Kt — ot 3y

where Ty = RyCx, Ty, = R(C + C; ), T =RC. In deriving this expression it is
assumed that K does not depend on the frequency in the range from O to 1 ke and
that the output load resistance is R; < R.
The expression for ﬁ may be simplified since we can neglect the quantities Z§2

T and T compared with Kt. Indeed, usually Ki>>103, C~ 0.2 pf and Cip== 20
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The transient characteristic of the circuit which is determined as the
response to an input current which has the form of a unit pulse, may be obtained

by the operational method if we replace jw by p and f by Io/p:

o(t) = U (), = R (vdD)l(1 — ™) +
+ (vt — 1) (1 — )],

The transient process consists of the sum of two exponents (fast and slow) with
a time constant Tg =Ty TK/KT<?Z} and Ty~ 1. If the time constant of the com-
pensating network is made equal to the time constant of the input circuit with-

out compensation, then the second term in the expression for p(t) becomes equal

to zero and

p(t) =R (1 — &9,

Consequently, when Tg = T,the transient characteristic of the compensated ampli-

fier represents an exponential curve with a small time constant
1:3 = =K1 =R (Cnx + O KL,

It is obvious that as K becomes larger, T; becomes smaller; however, the in-
crease in K is limited by the frequency range within which K is almostindependent
of the frequency. For example, for K = lOu, R = 101 ohm and Cip + C = 20 pf,
T;:& 0.2 milli-sec,'fo.7 = 1/2ﬁT;:3’8OO cps. In this band, K must be independent
of the frequency,while outside its limits the rate of drop of the frequency
characteristic K (@) must be not more than 6 db per octave. We should note that
the equivalent input capacity of the amplifier in this example is negligibly

small: Coguy = TR™L = 2:1074/10M = 0.002 pr.



The experimental investigation of compensation was carried out with a
bread-board model of the electrometric amplifier using subminiature vacuum
tubes with 100 percent negative feedback and a gain of K = 700 in the feedback
loop. This gain was independent of frequency up to approximately 500 cps. The
input capacity of the amplifier without feedback was C;, = 5.5 pf. Tests were
conducted using different values and different types of high megohm resistances
R in the feedback loop. The experimental setup is shown in figure 2. Saw-
tooth oscillations from a generator with low output impedance and good linearity
were fed to the input of the amplifier through a small capacilty CO::50.5 pf
with an air dielectric. Due to the differentiation of the saw-tooth voltage by
the network R/(l + K) - Co the current I in the input circuit was of a strictly
rectangular shape (the error in differentiation was Cp/C(1 + K) -1 percent).
The output voltage was observed by means of a D. C. oscilloscope. The frequency
of the input saw-tooth voltage could be varied from 0.01 to 100 cps, which made
it possible to observe in detail the front as well as the flat part of the
transient process. In additlon to the transient characteristics, the frequency
characteristics of the amplifier were also recorded by feeding a sinusoidal
current to the input in the frequency range 0.1 to 100 cps. The value of the

current was determined from the known capacity by using the expression ]i
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Figure 2. A schematic diagram for investigating
the transient processes in electrometric ampli-

fiers with compensation.



The results of the test are shown on table 1. Figure 3 shows the most
characteristic form for the oscillogram of the transient process. From figure
3a we can see that the transient characteristic when we maintained design con-

dition for compensation Tx = 7 is distorted. By decreasing T, the character-

K
istic becomes more smooth; however, in this case the rise time increases. When
T = (0.5-0.4)t (figure 3b), the characteristic does not have an inflexion,while
the rise time,which is determined as the time during which the voltage achieves

a value of 0.63 Uy, (Utspopt = U e—l)’ increases compared with figure 3a by

max
a factor of approximately 1.5. Table 1 shows the minimum rise time for the
characteristic without inflexion. From Table 1 it follows that:

1. The natural capacity of the feedback loop C depends on the type of
high megohm resistance. For resistances KIM C = 0.2 pf, while for KVM it is
twice as small;

2. The rise time of the output voltage in the presence of compensation

also depends on the type of resistance. For example,for two almost identical

values R~ 10'2 ohm the values of t differ by a factor of 1.k
front 3
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Figure 3. Experimental (solid lines) and design (broken lines)
curves for the transient processes in the electrometric ampli-

fier for various perameters of the compensation network.
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3. For all resistances R the rise time tf turns out to be greater

ont
than the computed time constant Ts BY A FACTOR OF S TO 6 , If the condition for
compensation Ty = T were observed, te. .t would decrease only by a factor of

1.5 to 2.

One of the possible reasons for the discrepancy between design values and
experimental values is that the capacity of the feedback loop C is not lumped
but is distributed. To decrease its effect Pelchowitch (ref. 1) proposed that
the capacity of the feedback loop be increased by placing a special lumped
capacity of approximately 1 to 2 pf, parallel to the resistance R. However,
detailed investigations have shown that it is undesirable to increase the capac-
ity €. In the first place when we increase C the input impedance of the ampli-
fier is decreased in the region of high frequencies which leads to a deterio-
ration of the signal-to-noise ratio. In the second place when the compensation
condition Tg = T 1s not closely observed a small but very slowly damped com-
ponent l—e't/TM appears in the transient process. The greater the capacity C,
the greater is ﬁwcﬁ T. The experimental verification of compensation with an
increased value of the capacity C has shown that even with the most careful

selection of the quantity 7, the transient characteristics always have a

K
noticeable slowly rising region (figure 4). The condition Tg = T cannot be [2;
satisfied precisely since the transient process in the amplifier without com-
pensation is not exponential (figure 5). Consequently T = RC is not a constant
quantity. The deviation of the transient characteristic of the amplifier from

an exponential form is associated with the fact that the simple equivalent

scheme for the input circuit does not correspond to the true scheme. The rea-

son for this is not only in the distributive nature of the capacity in the



-t

Figure 4. The characteristic form of the transient

process with delayed rise at the end.
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Figure 5. Experimental (solid line) and design
(broken line) curves for the transient processes

in an amplifier without compensation.

feedback network C, but also depends on the time of distribution of the volume
charge in the dielectric of the ceramic forms and glass shells of high megohm
resistances.

The shape of the transient characteristic of the amplifier with compensa-
tion in the negative feedback loop may be improved substantially without in-
creasing the capacity in the feedback loop. For this purpose it is necessary
to introduce another compensation parameter into the scheme - the maximum
capacity CD which shunts the resistance Rg. The compensation scheme with
additional capacity is shown on figure 6. The variation of current sensitivity

as a function of frequency for the scheme with additional capacity has the



following form:

R (1 jor,)
L jor' — o (K9i7,7z + Trp)’

p(0)=

i
b

where T' = T + 1, Tk = Tg + Tp, Ty = RKC . This expression has the same struc-
ture and the same order of the polynomial in the denqminator as the scheme
without CD but has other values of coefficients for jw and - By replacing
jo with p and setting the denominator p (p) equal to zero, we obtain the
characteristic equation of the scheme

P2+P v + 1 =0..

= C p -
Aty Koue - T

The time constants of the two exponents which comprise the transient character-
istic are associated with the roots of the characteristic equation by the well-
known relationships: T& = —pil, Ty = —pj%.

During the experimental verification of the scheme the values of Cp which
were measured provide for the best form of the transient characteristics for
the minimum teront (figure 3c). Frém the known parameters of the scheme the
values of the coefficients of the characteristic equation were computed and
its roots were determined. By comparing the coefficients of the characteristic
equation for a scheme with and without the additional capacity, it was shown

to npat
o

R
>~—{ I =
- cx% afl g

- ‘ {rmn ‘ouTruf
Figure 6. The schematic diagram of the compensating

network with additional capacity CD.

10



that when CD was introduced, the root Po and the recriprocal quantity Ty re-
mained almost unchanged. The other root Py decreases and the time constant Tg
increases by a factor of approximately 1.5. In this case there is also an in-
crease in the rise time tg,. .t Which is measured at the level 0.63 Upax+ The
increase in tgn ¢ may be compensated by an increase in Cg and a corresponding
one in T which no longer distorts the form of the transient process when Cp is
present. By selecting the values of capacities Cy and Cp we may obtain almost
the same rise time that we have when Cp is absent but with a monotonic
transient characteristic without the slow rise time. The values tg, ¢ for
two values of R were obtained after the introduction of additional capacity
into the scheme as shown on Table 1. By comparing the forms of the transient
characteristics with Cp and without it (figure 3c and d) we see that the addi-
tional capacity increases the rise time of the output voltage compared with
the ideal exponential curve for ttp. .. Without Cp for t=> tepont, On the
other hand, we observe a decrease in the rise time compared with the ideal ex-
ponent curve. The improvement in the form of the transient characteristics
occurs because the low percentage feedback which is retained due to capacity
CD turns out to be positive. A schematic with two independent compensation
parameters Cyg and CD,Which is described by an equation of the second order, pro-
vides for a more accurate compensation of the true scheme than the scheme with
one parameter CK which under the condition Tx = T,1is described by an equation
of the first order.

In the practical realization of the compensation scheme a substantial role
is played by the manner of packaging. To decrease the parasitic feedback

through distributed capacities the feedback network must be well shielded.

The amplifier must be designed and constructed in such a way as to provide for

11



a large value of the bandwidth-frequency product Kfc in the feedback loop. The
quality of compensation also depends on the type of high megohm resistance. As
we can see from Table 1,resistances KVM are better than KIM.

The compensation scheme with additional capacity_was checked out not only
on the bread-board but was used in models of wide-band electrometric amplifiers
constructed for experimental purposes. The results which have been described
above were reproducible. The basic characteristics of a carefully constructed
sample with a gain of K = 500 and a limiting frequency of 1500 cps operating
with a resistance R = 101 ohm and an input capacitance of Cip~s 10 pf are
shown in the last line of Table 1. A rise time of teront = 1.5 milliseconds
was achieved and an upper limiting frequency of {0'7 = 150 cps. The equivalent
capacity of the input circuit in this case is equal to Cpo== tfront/R = 0.015
pf, while the design input capaéity is (Cyp + C)/K = Tﬁ/R = 0.022 pf. In this
sample a further decrease in tp,. .t is limited by the value of K. An introduc-

tion of additional capacity not only provided for a good form of the transient

characteristic but also made it possible to slightly decrease the rise time.

2. Compensation by Means of Positive Feedback.

The principal scheme of compensation is shown in figure 7. The additional
positive feedback is provided through the capacity C+ = 0.1 - 0.5 pf to the
input at the same point where we feed the principal negative feedback. To vary
the phase of the output voltage U and to control the percentage of positive
feedback the latter is taken from the output through a passive or active B-
network (usually B~=Z1). In practice, B-network may be realized, e.g., in the
form of a plate-follower or a small resistance in the cathode or emitter of

the final stage with a plate or collector load. The other elements of the

12
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Figure 7.

The principal scheme of com-

pensation by using positive feedback.

scheme in figure 7 are the same as shown in figure 1 if we remove the com-

pensating filter from the latter.

The frequency characteristic of the current sensitivity for the scheme in

figure 7 is given by the expression:

: U K R —
p(o) == —F —= =
I 14Kl 4o (xg—7T4)
R
Lrjo(tey—1)°

—~
~

where

Ta= R[C+ (Cox +C(1 + K) =
~R[C+ K (Cs - C;
v, = K3RCJ(1 + X)=~RRC,.

i

The transient characteristic of the scheme is:
o(t)=U)/I, = R(1—exp [—¢/(tz—7,)]).

Due to positive feedback the equivalent capacity of the input circuit
Coqui™>C + o (Cin + C,) -BC, may be positive as well as negative. If
cequi-<:o the scheme becomes unstable.

The experimental investigation of the circuit carried out on the same bread-

board using the same resistances R as in the case of compensation in the

[%3
13



negative feedback loop, showed that the transient process in this case is not
described by one exponential curve. As we see from figure 8 (which shows the
oscillograms of the transient process), with a small amount of feedback, the
transient characteristic is monotonic (figure 8a). As the amount of positive
feedback is increased, damped natural oscillations occur (figure 8b) which are
characteristic for networks described by equations of second or higher order.
As the feedback is increased, further oscillations occur whose form is close to
sinusoidal. As in the case of compensation according to ref. 1, all these
phenomena are associated with the fact that the true schematic of the input
circuit without compensation is not described with sufficient accuracy by the
simple equivalent scheme and the equation of first order.

Table 2 shows the results of testing the compensation produced by positive
feedback. The capacity for positive feedback for all values of R was the same:
C+ = 0.13 pf. Although the time constant with compensation T

= T — T

equi z +

computed from the parameters of the scheme turns out to be close to the meas-
ured rise time (tfront/Tequi = 1.8-1.2), the effect of compensation is small
frith resistances KIM trront With compensation less than the noncompensated T

only by 25 to 30 percent). Compensation is not very effective because the

oo
A

Figure 8. The forms of the transient
process in the scheme of figure 7 with

various amounts of positive feedback.
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amount of positive feedback is small while a further increase in B causes the
form of the transient process curve to become highly distorted.

To increase the effectiveness of compensation an additional cowmpensation
parameter was introduced into the scheme--a small capacity Cp shunting the out-
put resistance Rp of the B-network (figure 7). This capacity which shunts the
resistance Rp at high frequencies decreases the amount of positive feedback
and slightly shifts its phase. The equation which describes the scheme with

GD is of second order;

. R (1 +joty)
plo) =y o (T, 4 Ty) — ©TeTy

where 1 = RpCp. It contains two independent compensation parameters f (or C+)
and Cp which, if properly selected, make it possible to obtain a good form for
the transient characteristic (figure 8c) with a small rise time. In the last

column of Table 2 we show that when Cp is introduced it is possible to increase

the effective compensation T/tfront from 1.25 to 5-6.

Conclusions

A comparison of quantities te.,,¢ presented in Tables 1 and 2 shows that
both methods of compensation produce almost the same results when we apply addi-
tional capacities. This conforms with the established rule,since the effective-
ness of compensation depends not on the type of scheme but on the order ol the
equation which describes it and on the allowable number of independent com-
pensation parameters.,

The decrease in the rise time is limited by the following: in the first
place by the value of the gain in the feedback loop K and its dependency on

frequency; in the second place on the parasitic feedback loops; in the third

16
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place on the non-exponential charging—discharging processes in the distributed
capacity of resistance R. The noticeable difference in the quantities trront?
obtained with resistances of various types points to the necessity of a further
improvement in the construction and production methods for high megohm
resistances.

In the investigated amplifiers we obtained a minimum rise time of tfyont =

1.5 milli-sec for R = lOll ohm which corresponds to C = 0.015 pf. The de-

equi
crease in ten..,4 was limited by the small value K = 500. 1In the literature
there are descriptions of amplifiers with compensation in which by increasing

K to lOu - 5-105 the equivalent input capacity C of the circuit was de-

equi
creased to 0.002 pf (ref. 2) and 0.006 pf (ref. 6). Apparently this limit

depends on the nature of the distributed capacity of resistance R.
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